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The proinflammatory cytokines IL-6 and IL-8 are elevated early in the serum of patients with AKI and are associated with prolonged mechanical ventilation (18, 19) . This raises the possibility that IL-6 and IL-8 contribute to lung injury in AKI, in addition to being early biomarkers. Mice also have increased serum IL-6 and CXCL1 (murine analog of IL-8) after AKI (13) and we showed that inhibition of IL-6 reduces lung injury in mice with AKI that is associated with reduced lung CXCL1 and lung neutrophils (15) . Thus, these data suggest that IL-6 mediates lung injury in AKI via upregulation of lung CXCL1, causing subsequent neutrophil infiltration. Whether the protection against lung injury is due to inhibition of circulating IL-6 action at the lung or due to inhibition of IL-6 produced in the lung and acting locally in the lung is not known. The role of circulating vs. local IL-6 and the role of CXCL1 in AKImediated lung injury are investigated the present study.
In the present study, we hypothesized that circulating IL-6 contributes to AKI-mediated lung neutrophil accumulation and lung injury via upregulation of lung CXCL1. To test the role of circulating IL-6 in AKI-mediated lung injury, recombinant murine IL-6 was administered to IL-6-deficient mice with ischemic AKI and lung CXCL1 and lung neutrophil content were examined; to test the role of CXCL1 in AKI-mediated lung injury, CXCL1 function was inhibited by use of CXCR2-deficient mice and anti-CXCL1 antibodies in mice with ischemic AKI or bilateral nephrectomy.
METHODS
Animals. Eight-to ten-week-old C57BL/6 mice and CXCR2-deficient mice (C57BL/6 background; Jackson Laboratories, Bar Harbor, ME) that weighed 20 to 25 g were used. Mice were maintained on a standard diet, and water was freely available. All experiments were conducted with adherence to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The animal protocol was approved by the Animal Care and Use Committee of the University of Colorado, Denver.
Surgical protocol. Surgical procedures were performed on three groups of mice: 1) sham operation, 2) ischemic AKI, and 3) bilateral nephrectomy. For all procedures, mice were anesthetized with intraperitoneal avertin (2,2,2-tribromoethanol; Aldrich, Milwaukee, WI), a midline incision was made, and the renal pedicles were identified. In the ischemic AKI group, both renal pedicles were clamped for 22 min. After clamp removal, kidneys were observed for restoration of blood flow by the return to original color. The abdomen was closed in one layer. Sham surgery consisted of the same procedure except that clamps were not applied. In the bilateral nephrectomy model, both renal pedicles were tied off with suture and then cut distal to the suture. The ureters were pinched off with forceps, and the kidneys were removed. Mice were weighed before and after procedures.
CXCL1 inhibition. CXCL1 acts on the CXCR1 and CXCR2 receptors. Mice possess only the CXCR2 receptor. The action of CXCL1 was inhibited in 2 ways: 1) CXCR2-deficient mice were used compared with wild-type littermates and 2) CXCL1 antibody was administered compared with administration of rabbit IgG. CXCL1 antibody (R&D Systems #MAB4531) or rabbit IgG (R&D Systems #AB-105-C) was given at a dose of 100 g in 100 l sterile saline intravenously just before AKI, and another dose of 100 g in 100 l sterile saline was given intraperitoneally 1 h after AKI.
Collection and preparation of serum samples. At death, blood was obtained via cardiac puncture. To ensure uniformity, all samples were processed identically. Blood was allowed to clot at room temperature for 2 h and then centrifuged at 3,000 g for 10 min. Serum was collected and centrifuged a s time at 3,000 g for 1 min to ensure elimination of red blood cells. Samples with notable hemolysis were discarded.
Blood urea nitrogen and serum creatinine measurement. Serum was collected as described above. Blood urea nitrogen (BUN) and serum creatinine were measured using quantitative colorimetric assays (BioAssay systems DICT-500 and DIUR-500).
Lung neutrophil content (myeloperoxidase activity). One fourth of lung was homogenized in 1 ml of cold hexdecyltrimethlylammonium bromide buffer [50 mM KPO 4 and 0.5% hexdecyltrimethylammonium bromide (pH 6.0)], sonicated on ice for 10 s, and centrifuged at 14,000 g for 30 min at 4°C. Twenty microliters of supernatant were transferred into a 96-well plate, and 200 l of 37°C O-dianisidine hydrochloride solution (16.7 mg O-dianisidine, 100 ml: 90% water and 10% 50 mM KPO 4 buffer ϩ 0.0005% H2O2) were added immediately before the optical density was read at 450 nm and again 30 s later (Benchmark microplate reader; BioRad).
Lung capillary leak (Evan's blue dye assay).
A total of 250 l of Evan's blue dye (EBD; 5 mg/ml) was injected via tail vein 1 h before death. Lungs were perfused with 3 ml PBS via the right ventricle to remove EBD within the vasculature, excised, weighed, and homogenized in 2 ml formamide. The homogenate was incubated in a 37°C water bath overnight and then centrifuged at 14,000 g for 30 min. The optical density of supernatant was determined at 620 nm, and EBD concentration was calculated against a standard curve (mg EBD per g lung tissue).
Serum IL-6 measurement. Serum IL-6 was measured by ELISA (R&D Systems, Minneapolis, MN).
Lung IL-6 and CXCL1 measurement. Frozen lung was prepared for ELISA as described previously (13) . Supernatants were analyzed for protein content using a Bio-Rad DC protein assay kit (Hercules, CA). IL-6 and CXCL1 were determined by ELISA (R&D Systems).
Real-time PCR. Cytosolic RNA was isolated from mouse lung using the RNeasy kit (Qiagen, Valencia, CA). Before real-time PCR, RNA was converted to cDNA using the iScript reverse transcriptase kit (Bio-Rad) as described by the manufacturer. RT-PCR primers specific to IL-6: 5=-ACCGCTATGAAGTTCCTCTC-3= (F), 5=-CCTCTGTGAAGTCTCCTCTC-3= (R), and ␤-actin: 5=-CGTGCGT-GACATCAAAGAG-3= (F), 5=-TGCCACAGGATTCCATAC-3= (R) were designed using Beacon Designer 5.0 software (Premier Biosoft International, Palo Alto, CA). RT-PCR was performed using 70-nM primers and the SYBR Green JumpStart Taq Readymix QPCR kit (Sigma) on a Bio-Rad I-Cycler. RT-PCR runs were analyzed by agarose gel electrophoresis and melt curve to verify that the correct amplicon was produced. ␤-Actin RNA was used as internal control, and the amount of RNA was calculated by the comparative CT method as recommended by the manufacturer.
Administration of IL-6 to IL-6-deficient mice. IL-6-deficient mice (Jackson Labs Strain B6.129S2-IL6/J) underwent ischemic AKI surgery as described above. Two hundred nanograms of recombinant murine IL-6 (PeproTech #216 -16) in 200 l of PBS with 0.1% BSA were injected at 1, 2, and 3 h after AKI for a total dose of 600 ng. Vehicle-treated mice received the same volume of PBS in 0.1% bovine serum albumin (BSA) at the same time points. Serum and lungs were collected 4 h after AKI.
Cell culture experiments. Pancreatic microvascular endothelial cells (MS1 cells) from C57BL/6 mice were obtained from American Type Culture Collection (ATCC). The line has many properties of endothelial cells including expression of both Factor VIII-related antigen and vascular endothelial growth factor receptor. Immortalized murine pancreatic endothelial cells (MS1 cells, ATCC #CRL-2279) were cultured in six-well plates (Becton Dickinson #3046). Cells were grown over 3 days in 2 ml of DMEM media with L-glutamine, sodium pyruvate, 4.5 g/l glucose, 5% fetal calf serum, and 1% penicillin/ streptomycin. IL-6 or vehicle was administered when cells reached 80% confluence, as assessed by phase contrast microscopy. Before administration of IL-6 or vehicle, used media were discarded, and 1 ml fresh media was instilled. In IL-6-treated cells, recombinant murine IL-6 (Peprotech #216 -16) was instilled at a dose of 1 ng in 0.5 l of sterile PBS with 0.1% BSA, and soluble IL-6 receptor (R&D Systems, #1830SR) was given at a dose of 4 ng in 4 l of sterile PBS with 0.1% BSA. Vehicle-treated cells were instilled with 4.5 l of PBS with 0.1% BSA. Media were collected at 4 h, and cells were scraped and homogenized in a lysis buffer consisting of 100 l PBS, 25 l Triton X-100 buffer, and 1 l of protease inhibitor (Sigma #P9340).
Immunofluorescence. Mice underwent ischemic AKI or sham surgery as described above, and after 4 h, lungs were expanded with a 1:1 mixture of OCT (Tissue-Tek, Sakura, Finetek) and PBS and were snap-frozen in liquid nitrogen after being embedded in OCT. Tissue was cut into 5-m sections and mounted on glass slides. Slides were treated with 70% acetone/30% methanol for 10 min, fixed in 3% paraformaldehyde, and then blocked in 10% serum of the same species as the host of the secondary antibody. Incubation with primary antibody was performed for 60 min (1:25 goat anti-mouse CXCL1, Santa Cruz #16961; 1:500 rabbit anti-mouse von Willebrand Factor, abcam #6994; 1:50 rat anti-mouse Cd11b, Serotec MCA711GT). Secondary antibody incubation was also performed for 60 min (1:250 donkey anti-goat Alexa 488, Invitrogen A11055; 1:250 donkey antirabbit Alexa 568, Invitrogen A10042; 1:250 donkey anti-rat CD11b Cy3, Jackson Immunoresearch 712-165-153). Slides were covered with an antifading mounting medium (Vector Laboratories) for confocal microscope analysis. Samples were imaged with a ϫ40 waterimmersion objective by using a laser-scanning confocal microscope (model LSM510; Zeiss). Data were analyzed using the LSM Image Analyzer postacquisition software (Zeiss).
RESULTS

Serum and lung IL-6 after bilateral nephrectomy and ischemic AKI.
To determine whether lung IL-6 production increased after bilateral nephrectomy or ischemic AKI and whether the lung was a source of circulating IL-6, serum and lung IL-6 were determined 2 h after sham operation, bilateral nephrectomy, or ischemic AKI (Fig. 1) . Serum IL-6 was increased 2 h after bilateral nephrectomy and ischemic AKI vs. sham operation; however, lung IL-6 as determined by ELISA was similar 2 h after bilateral nephrectomy and ischemic AKI vs. sham operation, suggesting that lung IL-6 protein is not produced early after bilateral nephrectomy or ischemic AKI and is not a source of circulating (serum) IL-6 at 2 h.
Specifically, serum IL-6 (pg/ml) was 187 Ϯ 14 after sham operation, 403 Ϯ 37 after bilateral nephrectomy (P ϭ 0.0015 vs. sham; n ϭ 4), and 775 Ϯ 165 after ischemic AKI (P ϭ 0.038 vs. sham; n ϭ 4). Lung IL-6 was (pg/mg) was 55 Ϯ 4 after sham operation, 50 Ϯ 5 after bilateral nephrectomy (P ϭ NS vs. sham; n ϭ 4), and 44 Ϯ 4 after ischemic AKI (P ϭ NS vs. sham; n ϭ 4).
Lung mRNA for IL-6 was minimally increased by 2 h after ischemic AKI, but not bilateral nephrectomy, suggesting that IL-6 production is beginning to occur after ischemic AKI and thus, the lung may be a source of IL-6 production after ischemic AKI at a later time point.
Of note, the increase in lung mRNA after ischemic AKI is relatively small. To compare the magnitude of the increase, IL-6 mRNA in the lung and kidney was determined 2 h after sham operation and ischemic AKI and normalized to each other (n ϭ 5); lung mRNA for IL-6 was 2.0 Ϯ 0.6 after sham operation and 6.2 Ϯ 1.0 after ischemic AKI representing an approximately threefold increase; kidney mRNA for IL-6 was 26.5 Ϯ 7.8 after sham and was 700 Ϯ 33 after ischemic AKI representing an ϳ28-fold increase.
Administration of IL-6 to IL-6-deficient mice with ischemic AKI. To specifically determine whether circulating IL-6 can cause AKI-mediated lung injury, 200 ng of recombinant murine IL-6 or vehicle were given intravenously at 1, 2, 3 h postischemic AKI to IL-6-deficient mice and serum creatinine, BUN, serum IL-6, serum CXCL1, lung CXCL1, and lung MPO activity were determined at 4 h. Serum creatinine and BUN were similar, demonstrating that renal function was not affected by IL-6 administration. Notably, however, serum IL-6, serum CXCL1, lung CXCL1, and lung MPO activity were all significantly increased in IL-6-treated mice vs. vehicle-treated mice (Fig. 2) . In this experiment, no other source of IL-6 exists in the IL-6-deficient mice except the IL-6 given exogenously by the intravenous route; thus, these data strongly suggest circulating IL-6 can increase CXCL1 production and neutrophil recruitment in the lung.
Specifically, serum creatinine was 0.9 Ϯ 0.12 in vehicletreated and 0.8 Ϯ 0.11 in IL-6-treated mice (P ϭ NS; n ϭ 5) and BUN was 46 Ϯ 6 in vehicle-treated and 53 Ϯ 4 in IL-6-treated mice (P ϭ NS; n ϭ 5). Serum IL-6 was 0 Ϯ 0 in vehicle-treated and was 273 Ϯ 39 in IL-6-treated mice (P Ͻ 0.001; n ϭ 10). Serum CXCL1 was 2,405 Ϯ 183 in vehicletreated and was 4,091 Ϯ 531 in IL-6-treated mice (P ϭ 0.01; n ϭ 10). Lung CXCL1 was 461 Ϯ 41 in vehicle-treated and 836 Ϯ 76 in IL-6-treated mice (P Ͻ 0.01; n ϭ 9 -10). Lung MPO activity was 1.1 Ϯ 0.1 in vehicle-treated and 1.4 Ϯ 0.1 in IL-6-treated mice (P ϭ 0.05; n ϭ 9 -10). Fig. 2 . Administration of intravenous IL-6 to IL-6-deficient mice with ischemic AKI. Two hundred nanograms of recombinant IL-6 or vehicle were given intravenously every hour for 3 h after ischemic AKI to IL-6-deficient mice, and serum IL-6, serum CXCL1, lung CXCL1, and lung myeloperoxidase (MPO) activity were determined at 4 h (n ϭ 9 -10). Serum IL-6 (A), serum CXCL1 (B), lung CXCL1 (C), and lung MPO activity (D) were all increased after intravenous administration of IL-6 vs. vehicle.
Lung endothelial CXCL1 production after ischemic AKI, in vivo.
Since circulating IL-6 is in contact with the pulmonary endothelium, it might be expected that IL-6 acts at the pulmonary endothelium to increase CXCL1 production. Therefore, to determine whether the pulmonary endothelium contributes to lung CXCL1 production after AKI, dual label immunofluorescence was performed for CXCL1 and the endothelial marker von Willebrand factor (vWF) in lungs 4 h after ischemic AKI or sham operation. As shown in Fig. 3 , no CXCL1 was seen after sham operation, and colocalization with CXCL1 and vWF was seen 4 h after AKI, suggesting that the pulmonary endothelial cell is a source of lung CXCL1 (n ϭ 3). These data suggest that endothelial cells can increase production and release of CXCL1 after exposure to IL-6, although a minority of pulmonary endothelial cells demonstrates colocalization of CXCL1 and vWF.
Endothelial cell CXCL1 production after IL-6 administration, in vitro. To determine whether IL-6 can directly increase endothelial production of CXCL1, IL-6 with soluble IL-6 receptor (sIL-6R) vs. vehicle was added to endothelial cells in culture (Fig. 4) . Endothelial cells lack the IL-6 receptor; however, IL-6 signaling may occur in endothelial cells via the gp130 receptor via trans-signaling when complexed with the sIL-6R; thus, sIL-6R was added with the IL-6 in this experiment. CXCL1 was determined in the media and cells after 4 h. Media CXCL1 (pg/ml) was 154 Ϯ 14 in vehicle-treated cells and 208 Ϯ 11 in IL-6-treated cells (P ϭ 0.006; n ϭ 10). Cell homogenate CXCL1 (pg/mg) was 105 Ϯ 20 in vehicle-treated cells and 104 Ϯ 17 in IL-6-treated cells (P ϭ NS; n ϭ 10).
Lung injury in CXCR2-deficient mice with AKI. Data above suggest that IL-6 upregulates endothelial CXCL1 production and we previously demonstrated that strategies to inhibit IL-6 resulted in less lung injury after ischemic AKI and bilateral nephrectomy that was associated with a reduction in lung CXCL1 (16) . CXCL1 is a potent neutrophil chemokine. Therefore, to determine whether CXCL1 itself mediates lung inflammation after AKI, CXCR2-deficient mice were studied. CXCL1 and CXCL2 (also known as MIP-2) both signal through the CXCR2 receptor. As shown in Fig. 5 , lung MPO activity was reduced and lung CXCL1 was reduced in CXCR2-deficient mice 4 h after either ischemic AKI or bilateral nephrectomy demonstrating that CXCL1 or MIP-2 can mediate lung inflammation. Specifically, lung MPO (⌬U·min Ϫ1 ·mg Ϫ1 ) was 1.2 Ϯ 0.1 in wild-type littermates with ischemic AKI and 0.6 Ϯ 0.2 in CXCR2-deficient mice with ischemic AKI (P Ͻ 0.0001 vs. wild-type); and it was 1.5 Ϯ 0.1 in wild-type littermates with bilateral nephrectomy and 0.7 Ϯ 0.0 in CXCR2-deficient mice with bilateral nephrectomy (P ϭ 0.0001 vs. wild-type; n ϭ 6 -8).
Lung injury after CXCL1 antibody administration in AKI. CXCL1 and CXCL2 (also known as MIP-2) both signal through the CXCR2 receptor. To determine whether the reduction in lung inflammation in CXCR2-deficient mice with AKI is specifically due to reduction in the activity of the CXCL1, vehicle (rabbit IgG) or CXCL1 antibody was administered to mice with bilateral nephrectomy or ischemic AKI, and lungs were collected 4 h after AKI. As shown in Fig. 6 , lung injury as judged by lung MPO activity and lung EBD accumulation (a marker of lung capillary leak) was improved in mice treated with anti-CXCL1 antibody with ischemic AKI vs. vehicletreated mice with ischemic AKI. In mice with bilateral nephrectomy, antibody treatment significantly reduced lung MPO activity; however, lung capillary leak (EBD accumulation) was similar. Lung CXCL1 was similar with antibody treatement vs. vehicle treatment after both ischemic AKI and bilateral nephrectomy.
Specifically, lung MPO activity (⌬U·min A: lung MPO activity was reduced in CXCL1 antibody-treated mice with either ischemic AKI or BNx vs. vehicle-treated (n ϭ 9). B: lung CXCL1 was similar in vehicle-treated and CXCL1 antibody-treated mice with either ischemic AKI or BNx (n ϭ 8). C: lung Evan's blue dye was accumulation (lung capillary leak) was reduced in CXCL1 antibody-treated mice with ischemic AKI, but not with BNx vs. vehicle-treated ischemic AKI or BNx, respectively (n ϭ 5-8).
operation plus CXCL1 antibody (P ϭ NS vs. sham plus rabbit IgG), 2.1 Ϯ 0.9 in ischemic AKI plus rabbit IgG, 1.3 Ϯ 0.2 in ischemic AKI plus CXCL1 antibody (P ϭ 0.03 vs. ischemic AKI plus rabbit IgG; n ϭ 9), 1.4 Ϯ 0.1 in bilateral nephrectomy plus rabbit IgG, and 0.9 Ϯ 0.1 in bilateral nephrectomy plus CXCL1 antibody (P ϭ 0.02 vs. bilateral nephrectomy with rabbit IgG; n ϭ 6 -7). Lung EBD (g/g lung wt) was 169.6 Ϯ 17 in AKI plus rabbit IgG and was 124.5 Ϯ 12 in AKI plus CXCL1 antibody (P ϭ 0.05; n ϭ 5-8).
Renal function and renal histology in CXCR2-deficient mice and CXCL1-inhibited mice after AKI. To determine whether the protection in lung injury in CXCR2-deficient mice and CXCL1-inhibited mice was due to protection from AKI, BUN and serum creatinine were measured, and kidney histology was assessed by periodic acid Schiff staining 4 h after AKI. As shown in Fig. 7 , serum creatinine, BUN, and acute tubular necrosis (ATN) scores were similar in wild-type vs. CXCR2-deficient mice with AKI as well as vehicle-treated vs. CXCL1 antibody-treated mice with AKI (n ϭ 9 -12 for creatinine and BUN; n ϭ 4 -9 for ATN scores).
Serum IL-6 in CXCL1-inhibited mice after AKI. To determine whether the protection from AKI-mediated lung injury by CXCL1 inhibition was due to decreased circulating IL-6, serum IL-6 was measured. As shown in Fig. 8 , serum IL-6 was similar in wild-type vs. CXCR2-deficient mice with ischemic AKI (n ϭ 11) or bilateral nephrectomy (n ϭ 7) as well as vehicle-treated vs. CXCL1 antibody-treated mice with ischemic AKI (n ϭ 11) or bilateral nephrectomy (n ϭ 7-10).
DISCUSSION
Acute lung injury (ALI) is a heterogeneous disease with multiple causes that are either direct or indirect. Direct etiologies of ALI induce lung injury from the alveolar side of the alveolar-capillary barrier, and they include pneumonia and aspiration of gastric contents. Direct injury results in the production of cytokines and chemokines by alveolar macrophages and other pulmonary cells leading to neutrophil infiltration and subsequent lung tissue injury. Indirect etiologies of ALI are from systemic insults such as pancreatitis, sepsis, or trauma (33) . Presumably, circulating factors in these diseases have a deleterious effect on the lung resulting in a similar clinical picture of ALI as caused by direct pulmonary injury. Animal and human data have demonstrated the proinflammatory cytokines IL-1␤ and TNF-␣ as key circulating mediators of lung injury after sepsis, trauma, and pancreatitis as inhibition of these cytokines protects against lung injury in these models; since injection of these cytokines results in lung injury, it suggests that these cytokines circulate and act at the lung to mediate lung injury. In the present study, we focused on IL-6 as a potential circulating mediator of lung injury after AKI.
Like in other models of indirect lung injury, data in animal models of AKI suggest that inflammatory mediators cause lung injury as anti-inflammatory treatment with IL-10 (13), ␣-melanocyte-stimulating hormone (7), or a p38 MAPkinase inhibitor (17) first, and, to date, only specific mediator of lung injury after AKI that has been identified. Methods to inhibit IL-6 using IL-6-deficient mice or IL-6 antibody protected against lung injury after either ischemic AKI or bilateral nephrectomy; whether the protection against lung injury was due to inhibition of circulating IL-6 acting at the lung or due to inhibition of pulmonary IL-6 and IL-6 acting locally in the lung was not known. Therefore, in the present study, we sought to determine whether circulating IL-6 vs. locally produced lung IL-6 contributed to lung injury after AKI. Although mRNA for IL-6 was minimally increased in the lung after both ischemic AKI and bilateral nephrectomy, IL-6 protein was not increased suggesting that the lung is not a major source of serum IL-6 after AKI. Data to date demonstrate that increased production as well as decreased renal clearance of IL-6 contribute to increased serum IL-6 after bilateral nephrectomy and ischemic AKI. For example, splenic and hepatic IL-6 increase 2 h after either ischemic AKI (2) or bilateral nephrectomy (3), and increased renal IL-6 production occurs after ischemic AKI (2). Furthermore, decreased renal clearance of IL-6 occurs after bilateral nephrectomy (3) or ischemic AKI (8) as injection of intravenous IL-6 in either model results on prolonged serum appearance compared with mice with normal kidney function.
To determine whether circulating IL-6 could contribute to lung injury after AKI, recombinant murine IL-6 was administered intravenously to IL-6-deficient mice with AKI. We found that serum IL-6, serum CXCL1, lung CXCL1, and lung MPO activity were all increased in the mice administered IL-6. Since the only source of IL-6 in the IL-6-deficient mice is what was injected intravenously, these data strongly suggest that circulating IL-6 acts systemically to increase CXCL1 production and acts specifically at the lung to increase CXCL1 production and promote neutrophil infiltration. It should be noted that the serum level of IL-6 achieved with intravenous injection was at a physiologic level, if not slightly lower, than that typically achieved after AKI; specifically, serum IL-6 was 273 pg/ml 4 h after AKI with three intravenous injections in this study while we previously demonstrated that serum IL-6 is greater than 600 pg/ml at 4 h after either ischemic AKI or bilateral nephrectomy (16) .
Serum IL-6 is increased in patients with AKI (19) and predicts longer duration of mechanical ventilation (18) as well as increased mortality (28) . Serum IL-6 is also increased in patients with ALI and, as with AKI, higher levels predict longer duration of mechanical ventilation (25) and increased mortality (21, 25) . Thus, our data are clinically relevant and suggest that serum IL-6 is not simply a biomarker of lung injury but that serum IL-6 affects lung by increasing CXCL1 production and neutrophil infiltration.
CXCL1 is a neutrophil chemokine that is known to play an important role in neutrophil recruitment in a variety of direct and indirect lung injury models including sepsis, pancreatitis, and ventilator-induced lung injury (4). In patients, increased CXCL1 analogs such as IL-8 have been shown to correlate with adverse outcomes in both AKI and ALI. Specifically, serum IL-8 is increased in patients with AKI and is associated with prolonged mechanical ventilation (18) as well as increased mortality (28) . In patients with ALI, IL-8 is increased in the serum (20) and bronchoalveolar lavage fluid (21) and is predictive of increased mortality. Since we previously showed that lung inflammation (as judged by lung MPO activity) is associated with reduced lung CXCL1 after AKI in a variety of settings (1, 2, 16), we hypothesized that circulating IL-6 acts at the lung to increase CXCL1 production that then leads to increased lung neutrophil accumulation and lung tissue injury; a role of CXCL1 in AKI-mediated lung injury has not previously been examined. Therefore, to determine whether CXCL1 directly played a role in AKI-mediated lung injury, CXCR2-deficient mice were studied and were found to have markedly reduced lung neutrophil content (MPO activity) after ischemic AKI or bilateral nephrectomy. Because both CXCL1 and CXCL2 (also known as MIP-2) signal through the CXCR2 receptor, we further examined the role of CXCL1 specifically by utilizing neutralizing antibodies to CXCL1 and found that lung neutrophils and capillary leak were both reduced in antibody-treated mice with ischemic AKI. Since CXCL1 is a neutrophil chemokine, these data suggest that CXCL1 mediates lung injury via neutrophil infiltration after AKI. Although not examined in this study, CXCL1 may also cause lung injury by directly affecting the lung endothelium causing apoptosis and lung capillary leak. Specifically, CXCL1 has been shown to directly cause apoptosis in endothelial cells (30) and lung endothelial apoptosis has been shown to contribute to lung capillary leak after ischemic AKI (11) . Although CXCL1 inhibition protects against renal dysfunction in ischemic or cisplatin-induced AKI, our studies did not confirm this protective effect.
Although CXCL1 antibody treatment reduced lung neutrophil content after bilateral nephrectomy, lung capillary leak did not improve suggesting other factors may contribute to lung capillary leak after bilateral nephrectomy. It is possible that the inflammatory nature of lung injury after bilateral nephrectomy is less than that after ischemic AKI. Furthermore, although there are many similarities between the lung injury that occurs after ischemic AKI and bilateral nephrectomy, functional genomic analysis has demonstrated that there are differences in the genetic profiles in the lung between ischemic AKI and bilateral nephrectomy (10) . Given the proximity of circulating IL-6 to the endothelial cell, we sought to determine whether circulating IL-6 acts on the pulmonary endothelial cell to produce CXCL1. In vitro, we found that IL-6, with sIL-6R, stimulated endothelial CXCL1 production. Endothelial cells lack the IL-6 receptor but are able to respond to IL-6 via trans-signaling, a process in which IL-6 and sIL-6R form a complex, and then enter the cell (24) . These data are consistent with previous studies demonstrating a role of IL-6 in endothelial CXCL1 production via trans-signaling (22, 27) . Since circulating sIL-6R is increased threefold after AKI (24), we examined lung endothelial CXCL1 after AKI by immunofluorescence in vivo and found that CXCL1 colocalized in endothelial cells. Together, these data suggest that the pulmonary endothelial cell produces CXCL1 in response to circulating IL-6. Although CXCL1 was present in the lung endothelium after AKI, other cell types also contained CXCL1. In this regard, we previously showed that lung interstitial mononuclear phagocytes and alveolar mononuclear phagocytes may also contribute to lung CXCL1 production after ischemic AKI, thus, multiple lung cell types appear to be important in CXCL1 production after AKI. Factors other than IL-6 are also likely to be important in CXCL1 production as IL-6-deficient mice with AKI had detectable levels of serum and lung CXCL1 in our study.
In summary, we demonstrate for the first time that circulating, rather than local lung, IL-6 mediates lung inflammation and injury after AKI. Since serum IL-6 is increased in patients with AKI or ALI and predicts prolonged mechanical ventilation and increased mortality in both of these conditions, our data suggest that serum IL-6 is not simply a biomarker of poor outcomes but a pathogenic mediator of lung injury. We demonstrate that IL-6 upregulates endothelial CXCL1 production, in vitro and in vivo, and that inhibition of CXCL1 in ischemic AKI protects against lung injury as judged by reduced lung neutrophil content and reduced lung capillary leak. CXCL1 inhibition is clinically feasible in patients. The CXCL1 inhibitors repertaxin and reparixin are being studied in clinical trials in other settings (e.g., clinicaltrials.gov NCT identifiers NCT00248040, NCT01220856, NCT00224406). Thus, CXCL1 inhibition may be a useful therapeutic target in patients at risk for AKI and AKI-mediated lung injury.
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